In this work, a graphene oxide-coated long period fibre grating (GO-LPG) is proposed for chemical sensing application. Graphene oxide (GO) has been deposited on the surface of long period grating to form a sensing layer which significantly enhances the interaction between LPG propagating light and the surrounding-medium. The sensing mechanism of GO-LPG relies on the change of grating resonance intensity against surrounding-medium refractive index (SRI). The proposed GO-LPG has been used to measure the concentrations of sugar aqueous solutions. The refractive index sensitivities with 99.5 dB/RIU in low refractive index region (1.33-1.35) and 320.6 dB/RIU in high index region (1.42-1.44) have been achieved, showing an enhancement by a factor of 3.2 and 6.8 for low and high index regions, respectively. The proposed GO-LPG can be further extended to the development of optical biochemical sensor with advantages of high sensitivity, real-time and label-free sensing.
INTRODUCTION
Optical chemical sensors play a significant role in medicine, life science, security, food and environmental monitoring. Over the past decades, fibre optic sensing technology has been developed for qualitative and quantitative analysis in biochemistry due to the unique properties of small size, light weight and immunity to electromagnetic interference, and the additional advantages of high sensitivity, multiplex, label-free, real-time and in vivo detection [1, 2] . Various fibre optic sensors have been proposed for biochemical sensing by using long period gratings (LPGs), tilted fibre gratings (FTGs), micro fibre Bragg gratings (mFBGs) [3, 4] . The mechanism of fibre optic chemical sensing is based on evanescent field interactions between propagating light of fibre devices and the surrounding-medium [5, 6] . In order to improve the surrounding-medium refractive index (SRI) sensitivity, several approaches have been proposed, such as using speciality D-shaped fibre, etching the cladding, polishing and tapering the fibre [7, 8] . An alternative approach for the enhancement of of RI sensitivity has also been reported by depositing a nanoparticles thin film over the fibre gratings with RI higher than that of fibre cladding [9] [10] [11] . Graphene oxide (GO) is a 2D nanomaterials and rich of oxygen-containing functional groups, which allows interaction between GO and a vast range of organic and inorganic materials. Hence, GO has attracted great interest for its exceptional electronic and photonic properties [12] [13] [14] . Due to its superior scalability and flexible processability of singlelayer sheets in aqueous or organic media, GO can be deposited on optical fibre surface in the form of thin film by dipcoating or chemical bonding techniques. To date, GO has been widely used in the fields of optoelectronics. The rich functional groups on GO surface readily make it possible to immobilize biomolecules and hold great potential for biochemical applications [15] . In this work, we report a novel chemical sensor based on GO-coated LPG. The GO has been chemically immobilised on the fibre sensor surface via (3-aminopropyl) triethoxysilane (APTES) to provide better reliability and homogeneity. The GO-coated LPG has been used to measure the concentrations of sugar aqueous solutions with strong resonance intensity response, demonstrating high sensitivity of the variations of surrounding-medium refractive index. Raman Shift (cm-') 1000
SENSING PRINCIPLE OF GO-COATED LPG
A long period grating is formed typically by photoinducing a periodic refractive index modulation in the order of hundreds of micrometres in the fibre core, which promotes the light coupling from the fundamental core mode to a set of forward-propagating cladding modes. The working principle of grating attenuation intensity response to SRI changes using GO-coated LPG is based on the transmission equation [3] :
, where i T represents the minimum transmission of the ith cladding mode, i κ is the coupling coefficient of the ith cladding mode which is proportional to the overlap of electromagnetic field of fundamental core mode and the ith cladding mode. L is the length of the grating. External perturbation affects the evanescent field surrounding the LPG hence changes the coupling coefficient, yielding the measurable intensity change of LPG attenuation peaks.
DEPOSITION OF GRAPHENE OXIDE AND CHARACTERISATION
The 15 mm-long LPGs with period of 400 μm were UV-inscribed in H 2 -loaded single mode fibre by the use of a pointby-point technique. After the UV exposure, the gratings were annealed at 85 °C for 24 h to remove residual hydrogen and stabilize their optical properties. Prior to GO deposition, the LPG was cleaned with methanol to reduce the residual contaminant on fibre surface, followed by immersion in 1.0 M/L NaOH solution for 60 min at room temperature to make the fibre surface hydrophilic and improve the intensity of -OH group on the fibre surface, washed with deionized (DI) water thoroughly and dried. Splenisation of the LPG surface was performed by immersing the cleaned LPG in fresh 5% APTES solution (v/v in ethanol) for 12 h at room temperature. The APTES-modified LPG was baked at 70 o C for 30 min then was inserted in 1.0 mg/L GO aqueous solution for 2 h at room temperature, and baked at 70 o C for 30 min. The processes of APTES salinization (for 2 h) associated with GO deposition (2 h) were further repeated three cycles to realize homogeneous GO deposition on fibre surface. Characteristics of graphene oxide deposited on LPG surface were verified. Fig. 1a shows the image of GO layer coated on the fibre surface. Fig. 1b plots the Raman spectra of bare fibre and GO-coated fibre by using Renishaw Raman Microscope 1000 (with 633 nm light). The significant peaks (D and G) were observed for GO-coated LPG. The D peak at 1335 cm -1 was assigned to local defect and disorder of graphene oxide caused by attachment of hydroxyl and epoxide groups on the carbon basal plane and edges. The G peak around 1599 cm -1 was due to the first order scattering of the E 2g phone of sp 2 carbon atoms [15] . In further, the LPG spectra were monitored before and after the GO deposition (Fig. 1c) , which induced a blue shift of 3.8 nm and 12 dB intensity change of LPG attenuation peak. All these results indicated that the graphene oxide was successfully coated onto fibre surface. 
SUGAR CONCENTRATION MEASUREMENT
The experiment setup is shown in Fig. 2 . In the real time monitoring system, broadband light sources (EDFA CPE1437, Nortel Networks Inc.) were used along with an optical spectrum analyser (OSA, Agilent HP86140, Agilent Technologies Inc., range 600 nm to 1700 nm). The OSA was connected to a computer and the optical spectra were captured by a customized program. The GO-coated LPG was used for the implementation of an optical chemical sensor to measure the sugar aqueous solutions with concentrations ranging from 0% to 60%. Measured by Abbe refractometer, the refractive indices of sugar solutions increase more-or-less linearly from 1.331 to 1.441 for sugar concentrations changing from 0% to 60%. To minimize the thermal and bend cross sensitivity, the grating has been placed in a straight V-groove holder, immersed in the sugar solution, and under a constant room temperature environmental condition. A careful clean-and-dry process that incorporates washing of LPG in methanol was followed after each measurement to remove the residual sugar form both grating and holder substrate. It was ensured that the spectrum in air was recovered after each measurement before the subsequent measurement was continued. Fig . 3a depicts the transmission spectra of the GO-LPG resonance at 1587.8 nm. It can be seen clearly that the intensity of attenuation peak decrease with the increase of sugar concentrations whereas the slight variation in wavelength of the attenuation appear. These results are consistent with the reported carbon-nanotube-deposited LPG sensor [9] . As the real part refractive index of GO is higher than cladding, the cladding modes are performed as radiation modes in the presence of deposited GO layer. When chemical molecules, especially polar molecules, interact with the graphene oxide material altering the permittivity of graphene oxide and hence change the optical properties of GO [13] , inducing the coefficient of light coupling. Fig. 3b plots the intensity change of the attenuation peak against RI (1.331-1.441) of the sugar solutions. It is clear that the intensities of attenuation peak show a good monotonicity and a nonlinear relationship to the RI. The RI sensitivity achieves 99.5 dB/RIU for low RI region (1.33-1.35) and 320.6 dB/RIU for high RI region (1.42-1.44), exhibiting more than 3.2 times and 6.8 times higher than previously reported carbon nanotube-deposited LPG for low and high RI regions, respectively [9] . In particular, the GO-coated LPG provides good RI sensitivity for low RI range (1.33-1.35) where bioassays and biochemical events are usually carried out. We calculate the chemical sensing performance of GO-coated LPG by converting the SRI sensitivity to the corresponding sugar concentration sensitivity. If the concentration sensitivity is defined as peak intensity change induced by 1% sugar concentration change, the maximum sensitivities are 0.16 dB/% and 0.61dB/% for low and high concentration, respectively.
CONCLUSION
We have presented a graphene oxide-coated LPG for sugar concentration measurement. The graphene oxide has been deposited on LPG surface via APTES as sensitisation material to enhance the interaction between fibre cladding modes to external medium. The characterisation of GO layer has been carried out by Raman microscope, optical microscope and the monitored LPG spectrum. The GO-LPG based sensor has been used to measure the sugar solution concentrations, demonstrating the enhanced RI sensitivities of 76.5 dB/RIU in low RI region (1.33-1.35) and 320.6 dB/RIU in high RI region (1.42-1.44). The high RI sensitivity in low region indicates that GO-coated LPG could be a good candidate for biochemical sensing application.
